The total cross sections for the radiative neutron capture on a proton, np → dγ, and its inverse reaction dγ → np are evaluated at the big bang nucleosynthesis (BBN) energies. We employ the effective field theory with dibaryon field to describe the two-nucleon reactions with external electromagnetic probe. Electromagnetic transition amplitudes are obtained up to next-to leading order. Our result is in good agreement with existing experimental data and theoretical results obtained from different frameworks.
Introduction
Primordial nucleosynthesis is considered to happen around 1 to 10 2 seconds after the big bang and at temperatures T ≃ 1 MeV to 70 keV. (They are the temperatures of weak freeze out and end of D bottle neck.) Predictions of primordial abundances of light elements, especially, D, 3 He, 4 He and 7 Li, and their experimental observations in the Universe are a crucial test of the standard big bang cosmology. Theoretical predictions have been continuously updated until recently 1,2,3 , but there still remain significant uncertainties in these predictions due to the uncertainties of input parameters, whose values are provided by experimental data of nuclear reactions. In order to understand the nuclear synthesis and its evolution in the early Universe, it is essential to measure cross sections of the nuclear processes accurately at the energies of the big bang nucleosynthesis (BBN).
The radiative neutron capture on a proton, np → dγ, is one of the key reactions for the predictions of the BBN. Recently, the cross sections of the np → dγ process at some of the BBN energies are measured by Suzuki et al. 4 and Nagai et al. 5 . Its inverse process, photo-disintegration cross section of the deuteron, dγ → np near threshold, are measured by Hara et al. 6 , and photon analyzing power for the deuteron photo-disintegration are reported in Refs. 7, 8 . The error of the experimental data is about 5%, but theoretical calculations suggest less error than experimental one. Due to better accuracy of the theoretical results for np → dγ, recent BBN predictions employ the values from theoretical calculations. However, the uncertainties from the theoretical estimations are significantly different from each other; 4% 9 , 2 ∼ 3% 10 , and 1% 11 . These differences could lead to different uncertainties of the BBN predictions, and thus it is important to decrease the uncertainty of the np → dγ process at the BBN energies. In this work, we calculate the cross sections of np → dγ and its inverse process and their uncertainties within the framework of dibaryon effective field theory (dEFT).
Effective field theories (EFT's) provide a systematic perturbation scheme in calculations of various low energy hadronic processes with and without external probes 12 . Special care is required to deal with the S-wave nucleonnucleon (N N ) interaction due to appearance of small scales compared to the chiral symmetry breaking scale, the pion mass m π . In the np system, they are long scattering length a 0 in the 1 S 0 channel (1/a 0 ≃ −8.3 MeV) and the binding energy of the deuteron B d (B d ≃ 2.2 MeV). For a bound state, there are infinite number of diagrams that contribute to physical observables of the system. Kaplan, Savage and Wise (KSW) suggested an approach to deal with this non-perturbative system within the tenet of EFT 13 . a In the KSW approach, leading order (LO) contribution is the sum of infinite number of bubble diagrams, while remaining sub-leading orders are treated perturbatively. KSW scheme gives successful description of N N phase shifts at low energies. However, the convergence in the KSW scheme for the deuteron channel turn out to be rather slow and it leads to the same expansion parameter Q/Λ ∼ 1/3 (or γρ d ≃ 0.4) as that in a theory where pion is integrated out 15 . Integrating out the pion in the KSW scheme, Chen and Savage calculated the cross sections of the np → dγ processes at the BBN energies up to next-to-next-to leading order (NNLO) and got 4% errors 9 . Rupak pushed the calculation up up to next-to-next-to-next-to leading order (N 3 LO) and a There is another approach suggested by Weinberg 14 , in which one calculates N N potential first up to a given order and obtain an amplitude by solving the Shrödinger equation with it. We discuss in this work, however, only the KSW scheme.
got 1% theoretical uncertainty in the cross sections 11 . It has been suggested, however, that this slow convergence of the pionless theories in the deuteron channel can be improved by adjusting the deuteron wave function to fit the asymptotic S-state normalization constant 16 . By introducing dibaryon field which represents a resonance state (or a bound state) of two nucleons, Beane and Savage showed that in terms of dEFT without pions, the long tail of the deuteron wave function can be naturally derived from the two-nucleon(dibaryon) propagator at the deuteron pole 17 . However, slow convergence problem was not fully resolved. As discussed in detail in 18 , if one wants to describe the electromagnetic (EM) interaction of the np system in terms of dEFT, vector(photon)-dibaryon-dibaryon (V dd) vertices, which are classified in the subleading order, give contributions comparable to those of the leading ones. In Ref.
18 , we suggested simple prescriptions to extract LO portion from the V dd term. Though the reason is not fully understood yet, this re-ordering of V dd term has shown a satisfactory convergence mechanism similar with other EFT's. We will emply this modified counting of V dd vertex in this work, and show that this machinery is still useful for the processes and observables considered here.
In this work, we calculate the cross sections of the np → dγ process at the BBN energies and its inverse reaction dγ → np up to 2.3 MeV above the threshold within the framework of pionless dEFT up to next-to leading order (NLO). Even with lower order calculation than the former pionless KSW calculations, we obtain numerical results in similar accuracy with them. We compare our results with the recent experimental results of Suzuki et al., Nagai et al., and Hara et al.. Our results agree with the data within the error bars. We also compare our results with the other theoretical estimations, the pionless KSW calculation up to N 4 LO, an accurate potential model calculation, and R-matrix theory results. We find good agreement with pionless KSW and potential model results within 1% accuracy. R-matrix results agree with ours within accuracy of about 4%. This paper is organized as follows. In Sect. 2, we address the effective lagrangian. In Sect. 3, we obtain the EM transition amplitudes for np → dγ up to NLO. Cross sections for np → dγ and dγ → np are obtained and compared with both experiments and other theories. Summarizing remarks are given in Sect. 5.
Effective lagrangian with dibaryon fields
A pionless effective lagrangian for nucleon and dibaryon fields interacting with an external vector field can be written as
where L N is the nucleon lagrangian, L s and L t are the lagrangians for the dibaryon fields in the 1 S 0 and 3 S 1 channels, respectively. L st is the lagrangian that accounts for the transition between 1 S 0 and 3 S 1 channels through the isovector EM interaction.
L N in the heavy-baryon formalism reads
where v µ is the velocity vector satisfying v 2 = 1; we take
, where V µ and V S µ are the external isovector and isoscalar vector currents, respectively. f
. m N is the nucleon mass and κ V (κ S ) is the isovector (isoscalar) anomalous magnetic moment of the nucleon;
L s , L t , and L st for the dibaryon fields read
The covariant derivative for the dibaryon field is given by
is the external vector field and C is the charge operator of the dibaryon field; C = 0, 1, 2 for nn, np, pp channel, respectively. B is the magnetic field given by B = ∇ × V ext . The sign factors, σ s and σ t , turn out to be −1, as will be shown at later part of this section. ∆ t (∆ s ) is the difference = + + + ... between the dibaryon mass m t (m s ) in the 3 S 1 ( 1 S 0 ) channel and the twonucleon mass; m t,s = 2m N + ∆ t,s , and y s,t are the dibaryon-nucleon-nucleon (dN N ) coupling constants of the dibaryon spin singlet and triplet channels. They are fixed by fitting the parameters of the effective range theory below. l 1 and l 2 are LEC's of the V dd vertices and fixed by the thermal np → dγ rate and the deuteron magnetic moment. Notice that here we separate the leading contribution in the V dd vertices as suggested in Ref. 18 . ρ d and r 0 are the effective ranges for the deuteron and 1 S 0 scattering state, respectively. P (S) i is the projection operator for the S = 2S+1 L J channel. For the S and P waves which are dominant at low energies, projection operators are given as;
where ǫ I is the isovector state, and ǫ i and ǫ ij are J=1 and 2 polarization tensor, respectively. σ i (τ a ) is the spin (isospin) operator.
Let us briefly address the counting rule. Introducing an expansion scale Q < Λ(≃ m π ), we count magnitude of spacial part of the external and loop momenta, | p| and | l|, as Q, and the time component of them, p 0 and l 0 , as Q 2 . Thus the nucleon and dibaryon propagators are of Q −2 and the loop integral leads to Q 5 . The scattering lengths and effective ranges are counted as Q ∼ {γ, 1/a 0 , 1/ρ d , 1/r 0 }. Orders of vertices and diagrams are easily obtained by counting the numbers of these factors.
LEC's σ s,t and y s,t can be fixed from the effective range parameters of the np scattering in 1 S 0 and 3 S 1 states. LO diagrams for the two-nucleon(dibaryon) propagators in the S wave channels are depicted in Fig. 1 . Since the insertion of the two-nucleon oneloop diagram does not alter the order of the diagram, the two-nucleon bubbles in the propagators should be summed up to infinite order. Thus the inverse two-nucleon(dibaryon) propagators in the center-of-mass (CM) frame read
where we have calculated the two-nucleon one-loop diagram using the dimensional regularization. p is the magnitude of the nucleon momentum in the CM frame, and E is the total energy E ≃ p 2 /m N . The amplitudes for both spin channels obtained from Fig. 2 read
and they are related to the S-matrix via
where δ s,t are the S-wave phase shifts. Meanwhile the effective range expansion reads
for the 1 S 0 and 3 S 1 channel, respectively, where a 0 and r 0 are the scattering length and effective range for 1 S 0 channel. Comparing the expressions of the amplitudes, one has σ s,t = −1 and
(a) (b) (c) Fig. 1 as well) , and the wavy lines denote nucleons, dibaryons, and photons, respectively. The vertices attached the photon with "X" is proportional to (1 + κ S ) and (1 + κ V ) for the initial 3 S 1 and 1 S 0 channel, respectively, and LEC's l 1 and l 2 appear in "X" in the NLO contribution in the (c) diagram.
where Z d is the wavefunction normalization factor of the deuteron around deuteron binding energy B. Ellipsis denotes corrections that are finite or vanish at E = −B. Thus one has
3 Amplitudes of the np → dγ processes 
Here p is the relative momentum of the two-nucleon system, and k is the momentum of the out-going photon;
and ǫ * (γ) are the polarization vectors for the out-going deuteron and photon, respectively, and ǫ i is the spin S = 1 vector for the initial 3 S 1 state. We'd like to note that isovector M1 amplitude, Eq. (15) has contributions from both LO and NLO. On the contrary, there is no LO contribution to isoscalar M1, Eq. (14), but non-zero amplitude can appear at NLO. The LEC l 2 is fixed by the empirical value of deuteron magnetic moment µ d and the LEC l 1 should be fixed using the total cross section of radiative neutron capture on a proton at thermal energy.
From the diagram (a) in Fig. 3 , amplitudes with initial P -waves are obtained as;
One notices that the diagrams (b) and (c) in Fig. 3 do not contribute to the Pwave amplitudes because the states of the dibaryon(two-nucleon) propagator are only the S-waves. Six parameters {a 0 , r 0 , γ, ρ d , l 1 , l 2 } enter in the expressions of the amplitudes. There are experimental data for the effective range parameters, a 0 , r 0 , γ, and ρ d and we give the experimental values of them in Table 1 . l 1 is fixed by the total cross section of the np → dγ at thermal energy (E = p 2 /m N = 1.264 × 10 −8 MeV in the CM frame), and l 2 by the magnetic moment of the deuteron µ d . Let us consider l 2 first.
Due to the orthogonality of the scattering and bound states in the same 3 S 1 state, isoscalar M1 transition gives null contribution at the leading order.
b In obtaining the total cross section of the E1 transition, the following identities are useful.
2.81 ± 0.05
1.760 ± 0.005
2.2245672 ± 0.0000069 µ d (0.85743820 ± 0.0000001) µ N Table 1 . Experimental values of the input parameters. µ N = e/2m N is the nucleon magneton.
The LEC l 2 therefore represents the contribution from subleading orders. Fixing l 2 from µ d , we obtain l 2 = −0.0149 fm, which gives about 2.5% correction to LO contribution. Since the l 2 correction also gives very tiny change to the total cross section of np → dγ (as will be shown below), we neglect its contribution to the total cross section hereafeter. The total cross section of the np → dγ process in the CM frame reads
where α is the fine structure constant. We use an average value of two accurate experimental data; σ = 334.2 ± 0.5 19 and σ = 332.6 ± 0.7 20 , which give the average value 337.7 ± 0.8 mb. Using the formula for the spin summation (15) we have l 1 = 0.782 ± 0.022 fm, which is about 50 times larger than l 2 . Therefore, even if we include l 2 in fixing l 1 , there will be little change in the value of l 1 , and this justifies the omission of l 2 term in forthcoming calculation.
np → dγ : total cross section
In Fig. 4 , we plot the total cross section (in mb) of np → dγ multiplied by the speed (in m/ns) of the neutron in the laboratory frame. The energy E n is the incident kinetic energy of the neutron in the laboratory frame. We plot the also divide the quantity into M1 and E1 contributions to the total in Fig. 4 as well. At very small energies, M1 overwhelms E1. They become similar at around E n ∼ 0.45 MeV and thereafter, the cross section is dominated by E1 contribution. Due to experimental difficulty, measurements of the cross section are scarce, but latest data were reported quite recently by Suzuki et al. 4 and Nagai et al. 5 . These measurements are compared with our result 
dγ → np : total cross section
The total cross section of the photo-disintegration of the deuteron, dγ → np, has a simple relation with the cross section of its inverse process as
Since we have already obtained the total cross section of the neutron capture, the calculation of σ(γd → np) is straightforward.
In Fig. 5 , we plot our result of the cross section the dγ → np process and also separate the contributions from M1 and E1 transitions. The experimental results of the neutron capture process are seldom due to its experimental difficulty, but its inverse process, d + γ → n + p has piled up abundant data from low energies to higher ones. Recenet measurement of the cross sections at the BBN energies is reported by Hara et al. 6 . An old datum by Moreh et al. 21 is also included in the figure. Our result is compared with these experiment in Fig. 5 and agrees well with them within the error bars. The relation can be found e.g., in Eq. (4) in Ref.
7 , which reads
These contributions are easily calculated by using Eqs. (19, 20) and the expressions of the M1 and E1 amplitudes (the initial S-wave and P -wave amplitudes, respectively) obtained in the previous section. In Fig. 6 , we plot our results of Σ(θ) at θ = 90 • and 150
• at which angles experimental data are available 7, 8 . We find good agreement between our predictions and experimental data. Table 2 . Total cross section of the n + p → d + γ process at the BBN energies. E is the energy in the center of mass frame, and the total cross section is in unit of mb.
Comparison with theoretical calculations
Now, we compare predictions of the np → dγ cross sections at the BBN energies from various theories in Table 2 . Our results, "This work(Exp.)" in Table 2 are calculated in dEFT up to NLO using the experimental data. Error bars in "This work(Exp.)" are estimated by using the error bars of the experimental data in the four parameters, a 0 , r 0 , ρ d and l 1 in Table 1 . Those by Rupak 11 in Table 2 are from pionless EFT without dibaryon fields up to N 4 LO, and the potential model calculation by Nakamura 22 uses the wave functions from the Argonne v18 potential includes the contributions from exchange currents. The results by Hale are obtained from the R-matrix analysis 23 . We find a good agreement, within 1% accuracy, of our calculation up to NLO with that up to N 4 LO by Rupak and that of the accurate potential model calculation by Nakamura, while the result of the R-matrix theory differ from the other estimations by up to about 4.5%. Since one fits the cross sections by the existing data in the R-matrix theory, the results of R-matrix theory shows the present experimental uncertainties in the cross sections.
Theoretical uncertainty
Amplitudes given by Eqs. (14, 15, 16, 17, 18) depend on the parameters; κ V , B (or γ, a 1 ), ρ d (or r 1 ), a 0 , r 0 , l 1 (note that we neglect l 2 ). These parameters are very precisely determined by experiments and a theoretical uncertainty from them is less than 0.2% for the cross section at E = 1 MeV. Other theoretical uncertainties would come from higher order corrections which we have not included in our work. As seen in Table 2 , we have a good agreement with the results of Rupak at low energies and about 1% difference at E = 1 MeV. This difference is consistent to the magnitude of our expansion parameter Q/Λ ≃ E/m π ∼ 1% The main correction from the higher order terms may be from the P -wave part. The contribution from NNLO has been estimated by Chen and Savage and an LEC in NNLO can be fixed by the P -wave scattering volumes. Moreover, in the calculation up to N 4 LO by Rupak, various corrections have been taken into consideration and it is concluded that the theoretical uncertainty in the estimated cross sections is less than 1%. Therefore, with 1% difference of our result from Rupak's one and 1% uncertainty in it, it can be said that our estimations up to NLO have uncertainty of about 2%.
Summary
In this work, we calculated total cross sections for np → dγ and dγ → np processes at the energies relevant to the big bang nucleosynthesis. Dibary effective field theory which treats two-nucleon states in terms of a dibaryon field was employed, and transition amplitudes were calculated up to the nextto-leading order. To avoid slow convergence in the electromagnetic sector, we adopted re-ordering of the photon-dibaryon-dibaryon vertices as suggested in Ref. 18 . Our approach, i.e. dEFT with ad hoc re-ordering of V dd vertices successfully reproduced almost all the most updated exprimental data and theoretical calculations. Though we considered only few significant transition modes, small expansion parameter at the considered energies assures fast convergence of the expansion. Our approach satisfies this expectation fairly well, and only 2% uncertainty is achieved even at the next-to-leading order.
Most recent theoretical calculations predict similar results with similar uncertainties. The accuracy of the theoretical calculation is slightly better than the present experimental results. It is very much expected that future experiments will report high precision results that will surpass the precision of the present theory. Eventually and hopefully we expect to remove all the significant uncertainties to get fine picture of the early era of the big bang nucleosynthesis.
